High energy photons used to expose photoresists in extreme ultraviolet lithography ͑92 eV, 13.5 nm͒ photoexcite electrons from Mo/ Si multilayer mirror surfaces. Photoemitted electrons participate in the formation of carbonaceous residues on the mirror surface significantly affecting the mirror reflectivity. We explore mitigation strategies utilizing TiO 2 ͑110͒ as a model for the capping layer. Two carbon containing surfaces are examined; an ordered catechol monolayer and a carbonaceous layer. Excimer laser sources ͑XeF and KrF͒ coupled with oxidizing gas backgrounds ͑NO and O 2 ͒ are shown to be effective for the photocatalytic removal of carbon. Utilizing x-ray photoemission spectroscopy and scanning tunneling microscopy carbon removal is shown to proceed through oxidation of the overlayer. © 2008 American Vacuum Society. ͓DOI: 10.1116/1.3002566͔
INTRODUCTION
The promising new lithography technique extreme ultraviolet lithography ͑EUVL͒ uses 92 eV ͑13.5 nm͒ photons to expose photoresists. 1 This extremely short wavelength allows very fine features to be imprinted upon a surface; however, due to the wavelength of this radiation, refractive optics are no longer viable. To overcome this difficulty, new Mo/ Si multilayer mirrors based on constructive interference have been employed. These optics have a high reflectivity at 92 eV, ϳ70%; however, after prolonged exposure to the manufacturing vacuum, their surfaces oxidize and/or become contaminated with residual carbon, which significantly lowers the mirror reflectivity making the mirror nonfunctional. 2 Carbon deposits are formed through electron-initiated chemistry at the mirror surface. The photon flux required for lithography results in a large secondary electron yield and rapid contamination of the reflective optics. In prototype mirror systems, the deposits are predominantly composed of carbon and hydrogen with oxygen as a minority species. 2, 3 Capping layers have been introduced to prevent oxidation of the Mo/ Si layers and to remediate oxidation and carbon buildup. These thin layers must not significantly lower the reflectivity and must meet the dielectric constraints imposed by the alternating Mo/ Si layers. Calculations show that ruthenium, palladium, titanium oxide, and zirconium oxide layers are the least likely to negatively affect the mirror reflectivity and have long term stability. 4 The materials that have been most actively pursued to remediate carbon contamination are ruthenium and titanium oxide. Ruthenium is a highly active catalytic material and the presence of these capping layers does reduce the buildup of carbon, but these layers are prone to oxidation. 3, 5 Oxidation should be less of a problem for metal oxides. Since a ready source of EUV photons is present, one could possibly take advantage of the photocatalytic properties of semiconducting metal oxides as capping layers. In photocatalysis, photoexcitation of hot charge carriers ͑electrons and/or holes͒ within a semiconducting substrate initiates oxidation processes of hydrocarbons adsorbed at the surface and can lead to, ideally, complete mineralization into CO 2 and H 2 O. 6 In this study we use the experimentally well defined rutile TiO 2 ͑110͒ surface to simulate the capping layer on multilayer mirrors. These wellcontrolled conditions allow the investigation of the fundamentals of processes that could possibly be beneficial for capping layer cleaning.
EXPERIMENT
Our experiments focused on two systems, the organic molecule catechol, C 6 H 4 ͑OH͒ 2 ͓inset in Fig. 1͑a͔͒ and a carbonaceous layer formed through thermal decomposition of the catechol overlayer. Experiments were performed in an ultrahigh vacuum ͑UHV͒ chamber equipped with x-ray photoelectron spectroscopy ͑XPS͒, scanning tunneling microscopy ͑STM͒, and an ion gun for sputter cleaning the samples. The catechol ͑99%, Alfa Aesar͒ was sublimed onto the TiO 2 ͑110͒ samples at room temperature in a loadlock. The TiO 2 ͑110͒ single crystals were prepared by standard cleaning procedures, i.e., Ar + ion sputtering and annealing. 7 Substrates were shown to be well ordered with STM ͓Fig. 2͑a͔͒ and free from residual carbon and other contaminants by XPS. The substrate was exposed to catechol vapor for 10 s at a pressure of 2 ϫ 10 −7 mbar. By dosing under these conditions, a nearly complete monolayer is formed ͓see Fig. 2͑b͔͒ . A coverage of 1 monolayer ͑ML͒ is defined as the C 1s and Ti 2p 3/2 ratio in XPS for a freshly dosed sample. Excimer lasers, XeF ͑3.5 eV, 351 nm͒ and KrF ͑5 eV, 248 nm͒ operated at 10 Hz, provided the ultraviolet light. Pulse power was measured before the beam entered the chamber at the beginning and the end of photon exposure. It was found to remain fairly constant at ϳ80 mJ/ pulse for the KrF source. This translates into a flux of 1 ϫ 10 17 photons/ ͑cm 2 s͒.
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Two oxidizing gases were used, molecular oxygen ͑O 2 , 99.999%͒ and nitric oxide ͑NO, 98.5%-residual CO 2 , N 2 , N 2 O, H 2 O͒. Carbon coverage was measured as a function of the background gas pressure and photon exposure. To recover UHV conditions the highest gas pressure admitted to the vacuum chamber was 1 ϫ 10 −6 mbar. To achieve a higher effective pressure of NO, a direct doser was constructed, consisting of stainless steel tube, 30 cm long with a 3 mm inner diameter. Its end was located 25 mm from the sample. This doser provides a collimated beam of NO gas directed at the sample surface. The local pressure at the sample is expected to be higher than the background pressure. We estimate an enhancement by a factor of ϳ10. Data taken with the direct doser will be noted.
XPS measurements were performed using a hemispherical electrostatic analyzer ͑SPECS Phoibos 150͒ with five channeltrons and a resolution of 150 meV. A nonmonochromatized, dual-anode x-ray source was used for excitation. The Mg K␣ anode has the higher cross section for carbon compared to Al K␣ and was used for all measurements. The C 1s, O 1s, and Ti 2p regions as well as a wide-energy survey scan were performed after each UV exposure.
STM images were taken with an Omicron atomic force microscope/STM using electrochemically etched tungsten tips. Emtpy-state images were taken in constant current mode, with positive ͑sample͒ bias voltages in the range of 0.8-1.6 V and tunneling currents between 0.1 and 1.5 nA.
RESULTS
XPS of TiO 2 ͑110͒ covered with a full monolayer of catechol is shown in Fig. 1͑a͒ . The C 1s peak shows components at 284.6 eV ͑C-C bond͒ and 286.0 eV ͑C-O bond͒, corresponding to species present in the catechol molecule. As a comparison, ethanol on TiO 2 ͑110͒ shows components at 285.5 and 286.8 eV. 8 The ratio of C-C and C-O peak areas in the XPS spectrum in Fig. 1͑a͒ gives the correct stoichiometry for catechol. This indicates that catechol adsorbs with its benzene ring intact. The STM image in Fig. 2͑b͒ shows that the catechol forms a well ordered 4 ϫ 1 structure. As detailed elsewhere the catechol molecules are present in two types of adsorption geometries. 9 They bind in an alternating tilted geometry and the oxygen of the catechol attaches to surface Ti atoms. Exposing the pristine catechol monolayer to both the XeF and KrF lasers in UHV did not alter the XPS spectra or STM images. Likewise, 1 ϫ 10 −6 mbar of NO and O 2 did not alter the C 1s lineshape. Prolonged exposure to NO or O 2 results in a rigid shift of 200 meV of the whole photoemission spectrum. Interestingly, a change in the appearance of the STM image was observed when a relatively low NO pressure ͑1 ϫ 10 −7 mbar͒ was backfilled into the chamber during measurements ͓see Fig. 2͑c͔͒ . This surface shows new bright protrusions when compared to the pristine surface in Fig.  2͑b͒ . Detailed studies of the NO / TiO 2 ͑110͒ system will be presented elsewhere. 10 The C 1s XPS lineshape was clearly changed when the catechol layer was exposed to roughly atmospheric pressure of NO ͓see Fig. 1͑b͔͒ . This high pressure NO exposure does not remove carbon from the surface. After this NO exposure a N 1s peak was observed. It was centered at a binding energy of 405 eV ͑N 1s͒, suggesting it is a nitrite ͑NO 2 − ͒ species. We turn our attention to the catechol layer while exposing to UV irradiation in a background of oxidizing gas. The results are summarized in Fig. 3 and Table I . Upon exposing the pristine catechol monolayer to KrF UV light in 1 ϫ 10 −6 mbar O 2 ͑backfill͒, there is a shift in weight in the C 1s peak. The C-C peak decreases and the C-O peak increases. A broad shoulder appears at high binding energy. This shoulder is attributed to a further oxidized carbon species in the film. After a photon exposure of 5.1 ϫ 10 20 photons/ cm 2 , there is a 10% reduction in the total C 1s intensity ͓see Fig. 3͑b͒ ͑half-filled circles͔͒. At higher photon exposures the photoreaction appears to stop or the rate becomes so slow that no change is observed by XPS.
The same experiment was carried out by backfilling with NO gas and using excimer UV light ͑XeF and KrF͒ at 1 ϫ 10 −6 mbar. For a similar photon exposure the total C 1s peak intensity decreases much more drastically, down to 70% of the original coverage ͓see filled and half-filled circles in Fig. 3͑b͔͒ . Weight is shifted from the C-C peak toward the C-O peak and a broad high binding energy peak appears ͓see Fig. 1͑c͔͒ . This high binding energy peak shows significantly more relative intensity than was seen with the oxygen background. The carbon removal was the same for both wavelengths tested. The effects of UV irradiation under NO exposure ͑1 ϫ 10 −7 mbar, 10ϫ 10 20 photons/ cm 2 ͒ on the catechol overlayer were explored with STM ͓see Fig. 2͑d͔͒ . Irradiation in NO renders the surface less homogeneous, with small stripes oriented along the ͓001͔ direction.
To optimize conditions for carbon removal a series of pressure-dependent measurements were made using the direct dosing scheme ͓see Fig. 3͑a͔͒ . At low pressures, 1 ϫ 10 −8 mbar, 34% of the catechol is removed after a 29.6 ϫ 10 20 photons/ cm 2 exposure. In contrast, by increasing the NO pressure to 1 ϫ 10 −6 mbar we are able to remove ϳ80% of C rather quickly ͑Ͻ3.3ϫ 10 20 photons/ cm 2 ͒; 91% of the total carbon was removed after 29.5ϫ 10 20 photons/ cm 2 . Residual carbon was mimicked by flashing the catechol monolayer to 900 K. This largely removes the carbon oxygen shoulder of the C 1s peak in XPS ͓Fig. 1͑d͔͒ and the total C 1s intensity decreases by 15%-30%. The remaining single broad peak is shifted to 284.7 eV ͓Fig. 1͑d͔͒, which compares favorably with graphite ͑284.5 eV͒. The full width at half maximum of the carbonaceous C 1s peak is wide, 2.3 eV, suggesting heterogeneous carbon species. This carbonaceous species resembles carbon deposited on TiO 2 by electron-induced chemistry. 11 A small shoulder was attributed to carbide formation. This carbidic species maintained a constant intensity throughout the experiments and no chemistry is attributed to this species. Experiments on the carbon- aceous layer were conducted by backfilling with NO. After exposing the flashed sample to 8.4ϫ 10 20 photons/ cm 2 , 15% of the carbon ͑remaining after flashing͒ is removed ͓see Fig.  3͑b͒ , hollow circles͔. Apparently the photo-oxidation process is far less efficient than for a catechol overlayer, where a similar photon exposure ͑7.02ϫ 10 20 photons/ cm 2 ͒ resulted in the removal of 70% of the total carbon was removed ͓see Fig. 3͑b͒ , filled circles͔.
During UV exposure the sample temperature rose 30 K to a final temperature of 330 K. To determine how a slight increase in temperature would affect the removal, the sample was heated to 330 K with a pristine catechol layer and exposed to the laser. ͑Heating the pristine catechol layer in UHV to 700 K does not change the XPS signature of the catechol layer.͒ The laser exposure increased the sample temperature to roughly 360 K and the same UV + NO ͑direct dosing͒ experiment was conducted. After an exposure of 20.3ϫ 10 20 photons/ cm 2 the total carbon on the surface was reduced by 14% ͓see Fig. 3͑b͒ , half-filled squares͔. This is a quite surprising result because at 330 K ͑where other experiments were run͒ an exposure of 16.6ϫ 10 20 photons/ cm 2 resulted in the removal of 78% of the total carbon.
DISCUSSION
The results of carbon removal via UV exposure under various gases and dosing conditions are summarized in Table  I . To quantify the removal of carbon from the TiO 2 , quantum efficiencies ͑QEs͒ for the photocatalytic activity were estimated. This calculation assumes that the removal of C is a first-order process, i.e., each photon oxidizes and removes one C atom with the same probability. This is an oversimplification, as photocatalytic processes are complex, and various intermediate species will be produced that can react quite differently. The data in Table I therefore need to be taken with some caution. Nevertheless, a quantitative estimate as to how many photons are necessary to remove one C atom can be a good guideline and may ultimately help with designing mitigation strategies for EUVL mirrors.
For the highest NO pressure two QE values were calculated, one efficiency after the fast initial decrease ͑3.3 ϫ 10 20 photons/ cm 2 , 0.8 ML removed͒ and one for the slow decrease ͑additional 26ϫ 10 20 photons/ cm 2 , 0.91 ML removed͒ these values are 1.27ϫ 10 −6 and 6.6ϫ 10 −8 , respectively. The fast QE was computed using three data points, the QE was determined from this point ͑0.2 ML remaining͒ until the end of the experiment. Clear trends become apparent when comparing the numbers for the initial decay. By backfilling the chamber with 1 ϫ 10 −6 mbar O 2 or NO, there is an order of magnitude difference in QE. In the direct dosing scheme, the QE for the ͑fast initial͒ processes scales roughly as the dosing pressures.
Gas phase experiments show that NO is optically transparent down to 230 nm, below the KrF wavelength of 248 nm used in these studies. 12 Direct excitation of the background gas warrants attention at-much shorter-EUV wavelengths as it may impact in situ cleaning. In our study, however, direct ultraviolet excitation of the adsorbed NO molecule with KrF light is excluded. Photodesorption has been attributed to hot carrier driven reactions from the substrate over a range of wavelengths, 240-365 nm. 13 For thin, ϳ2 nm, capping layers the chemistry, in the presence of EUV, will be dominated by the large secondary electron yield ͑SEY͒ not the photocatalytic properties of TiO 2 . Electron-hole pairs form when the excitation is just greater than the band gap, these carriers are available for photocatalysis if they are efficiently separated in the crystal lattice. Sputter deposited multilayer mirrors consist of amorphous and microcrystalline TiO 2 , amorphous TiO 2 is not an active photocatalyst. The TiO 2 phase is inconsequential at high photon energies because the SEY dwarfs the number of electron-hole pairs. This strongly suggests that the photochemistry is driven by dissociative electron attachment ͑DEA͒. DEA measurements show that NO decomposes into Coverage was determined from the C 1s / Ti 2p3 / 2 XPS peak ratio as compared to a full monolayer with a ͑4 ϫ 1͒ structure. Quantum efficiencies were estimated ͑see text͒. At the highest pressure for direct dosing the removal process shows nonlinear behavior. Two values are listed; the one for the slow process in parentheses.
Carbon Species Dosing Method
Background gas and chamber pressure ͑mbar͒ 14 This resonance closely matches the KrF energy of 5 eV, suggesting the KrF light induced reactions will bear similarities with the EUV regime. The O − formed from DEA oxidizes the carbon present on the surface, which likely desorbs as CO or CO 2 . This necessitates the presence of weakly adsorbed oxidative species at the surface. The efficiencies for various overlayers, temperatures, and dosing conditions can then be explained by the adsorption properties of NO and oxygen at the surfaces.
A prior thermally programed desorption study showed that NO adsorbs molecularly at 118 K on TiO 2 ͑110͒. 15 All NO products were desorbed from the surface at ϳ175 K. This is in contrast to our measurements, where NO-related species were observed on the clean and catechol-dosed TiO 2 ͑110͒ surface at room temperature. Preliminary results indicate that the presence of surface hydroxyls may play a role; these form on undercoordinated surface O sites from H atoms stripped off from catechol to bind to surface Ti atoms. While the catechol layer is tightly packed not all adsorption sites are filled and these may be available for NO adsorption. The adsorption of NO on a graphitic layer, formed by thermal decomposition, on TiO 2 ͑110͒ is expected to be much weaker and would explain the drastic decrease in QE from a carbonaceous layer as compared to an ordered catechol structure under similar conditions ͑Table I͒. 16 Our XPS results support the formation of a graphitic layer after large photon exposures ͑29.5ϫ 10 20 photons/ cm 2 ͒ at 1 ϫ 10 −6 mbar. While it is difficult to explicitly characterize such a residue, there is a strong resemblance of this last remaining carbon species ͑91% C removed͒ to the carbonaceous layer formed by flashing the sample to 900 K.
It might be initially surprising that heating the substrate results in the decrease in carbon removal efficiency, for example, electron-induced removal of C in an oxygen atmosphere was increased by a slight increase in temperature. 17 However, at such temperatures the sticking coefficient of NO may decrease, thus for NO-assisted photo-oxidation a lower temperature may be beneficial. As a practical matter, Mo/ Si mirrors are temperature controlled.
The performance of O 2 and NO can be explained by considering the adsorbate residence time on the catecholcovered surface. Due to its importance in fundamental photocatalytic and other processes, oxygen adsorption on the TiO 2 ͑110͒ surface has been studied by many techniques. Under UHV conditions, oxygen fills bridging oxygen vacancies on the TiO 2 ͑110͒ surface, leaving an oxygen adatom on the surface. 18 However, the sticking coefficient of molecular oxygen is low and the molecule must essentially strike the oxygen vacancy to adsorb. If oxygen does adsorb its residence time inhibits effective interaction with photoexcited charge carriers generated in the TiO 2 substrate. Nitric oxide is effective for the removal of carbon because it has a longer residence time on the surface and is a more oxidizing gas. By increasing the background pressure we are able to increase the number of molecules adsorbed on the surface, thus increasing the chance they interact with photoexcited carriers. Our measurements show that, if the adsorbate residence time is too short to interact with photoexcited charge carriers, the quantum efficiency and the carbon removal rate can be expected to be small.
SUMMARY
We have shown that catechol and carbon can be photocatalytically removed from TiO 2 ͑110͒, which was considered a model capping layer for EUVL mirrors. It was found that irradiation with 5 eV photons in NO is efficient in removing up to 91% of an initially ordered monolayer of catechol. After removing 91% of the catechol monolayer, the carbon remaining on the surface has a graphitic nature. Slightly heating the substrate or using oxygen shows a markedly slower removal rate; we attribute this to a shorter residence time of the oxidative species on the catechol-covered surface. A simple direct doser increases the pressure at the sample surface by a factor of 10, this high local pressure is crucial for the increased removal of carbon.
